The orientation growth and angle-dependent photoluminescence (PL) of nitrogen-doped SnO 2 films grown on Si substrate by reactive magnetron sputtering have been studied. It was found that the orientation of the nitrogen-doped SnO 2 films depends strongly on their thickness, and a highly [1 1 0]-oriented film was achieved with a seed layer. An angle-dependent PL of the [1 1 0]-oriented films was observed, and the PL peak position shifts towards the longer wavelength side and the PL peak width decreases as the observation angle decreases. This angle-dependent PL was attributed to the Fabry-Pérot optical interference effect.
Introduction
SnO 2 is a direct band gap semiconductor with n-type conduction due to the existence of intrinsic defects and has been widely used in many fields, such as photocatalysis, transparent conducting electrodes for flat panel displays and solar cells, gas sensors and oxidation catalyst, owing to its outstanding optical and electrical properties accompanied with super mechanical and chemical stability [1, 2] . Recently, the potential application of SnO 2 to optoelectronics, such as ultraviolet light emitting diodes and laser diodes, has been proposed due to its large direct band gap of 3.6 eV and high exciton binding energy of 130 meV at room temperature [3] [4] [5] .
High quality undoped SnO 2 films grown epitaxially on sapphire, platinum and TiO 2 substrate have been reported [2, 6, 7] . From the technological point of view, it would be more desirable to grow SnO 2 films on silicon substrate because this will make it possible to integrate optoelectronic devices, such as sources, detectors and optical waveguides, on Si wafers. To achieve SnO 2 -based optoelectronic devices, it is important to realize high quality p-and n-type films, and nitrogen is an excellent anion dopant for p-type SnO 2 conduction. Nevertheless, because of the large lattice mismatch between Si and SnO 2 , it is very difficult to grow SnO 2 film epitaxially on Si substrate, and the resultant SnO 2 film on Si is usually 1 Author to whom any correspondence should be addressed.
polycrystalline [8] [9] [10] . The development of a methodology for growing SnO 2 single crystalline or preferential orientation film on Si substrate is therefore a very important prerequisite for fully exploiting their properties for device applications [11] . In our previous studies [4, 5] , the preparation and photoluminescence (PL) properties of nitrogen-doped SnO 2 (hereafter, referred as SnO 2 : N) films have been studied. In this paper, the thickness-dependent orientation growth and the influence of thin seed layers on the preferential growth of the SnO 2 : N films are reported, and the angle-dependent PL of preferential orientation SnO 2 : N film due to Fabry-Pérot interference is demonstrated.
Experimental details
The SnO 2 : N films were grown onto n-type Si (1 0 0) wafers by radio frequency reactive magnetron sputtering method [4, 5] . The Si wafers were ultrasonically cleansed in acetone and ethanol before being introduced into the deposition chamber. The metal Sn target (purity: 99.99%) was used as sputtering source material. The base pressure of the deposition chamber is better than 5.0×10 −5 Pa. High purity nitrogen gas (purity: 99.999%) and oxygen gas (purity: 99.999%) were used as reacting and working gas, respectively, and the pressure of the gas mixture was kept at 1.6 Pa, and N 2 flux ratio {P N2 = N 2 /(N 2 + O 2 )} in the gas mixture was adjusted by two digital gas flow meters at a fixed total gas flow of 40 sccm, and the power applied on the Sn target was 100 W. Before main layer deposition, a seed layer with a thickness of 20 nm was deposited onto the Si wafer.
The seed layer was grown with a N 2 flux ratio of 50% at a substrate temperature of 550
• C, and the deposition rate is about 1.76 nm min −1 . To improve crystalline quality, the seed layer was annealed in situ at 550
• C for 20 min after deposition. Then the second layer of SnO 2 : N film (hereafter referred as main SnO 2 : N film) of about 300 nm in thickness was deposited onto the seed layer with a N 2 flux ratio of 10% and a gas mixture pressure of 1.6 Pa. Two kind of growth modes were performed for the SnO 2 : N main layer deposition, i.e. mode 1: down to room temperature with a rate of about 2.1
• C min −1 after annealing, and then up to 400
• C with a rate of about 8
• C min −1 for the main film growth; mode 2: directly down to 400
• C with a rate of about 2.1 • C min −1 for the main film growth. For comparison, the film with about 320 nm in thickness without the seed layer was also grown on Si at 400
• C with the same growth parameters as the main layer.
The crystalline structure and microstructure were examined by an x-ray diffractometer (XRD, θ-2θ , Philips X'Pert Pro MPD, Cu Kα) and field emission scanning electron microscope (FESEM, FEI Sirion 200). The optical constants (n, k) were determined by spectroscopy ellipsometry (UVISEL Jobin-Yvon). Angle-dependent PL spectra were collected by an Edinburgh Instruments FLS920 fluorescence spectrometer attached with a variable observation angle accessory at the excitation wavelength of 250 nm using a 450 W xenon lamp. All PL spectra were collected three times to decrease the background and possible errors, and averaged by the software attached to the PL instrument.
Results and discussions
The degree of preferential orientation for the films was determined, following subtraction of background radiation, by calculation of a texture coefficient, τ , defined as [12] :
where I m (hkl) is the measured relative intensity of the reflection from the (hkl) plane, I 0 (hkl) is the relative intensity from the same plane in a standard reference sample (JCPDS: 88-0287) and n is the total number of reflection peaks considered in the analysis. At the same time, the preferential orientation of each sample as a whole was analysed from the standard deviation (σ ) of the texture coefficient (τ ) [13] ,
Figures 1(a) and (b) show the XRD patterns and the texture coefficient of SnO 2 : N films on Si (1 0 0) with different thicknesses at the substrate temperature of 550 • C. Apparently, the width of the XRD diffraction peaks becomes narrow, and the full width at half maximum (FWHM) of the (1 1 0) and (1 0 1) peaks decreases, indicating the improvement of the crystallinity with film thickness. From this result, one can see that the SnO 2 : N film shows a highly [1 1 0]-oriented growth when the thickness of the film is less than 80 nm. The (1 1 0) crystal plane is of great interest, and it has been demonstrated that the film with (1 1 0) termination has greater gas sensitivity than other orientations due to the existence of complicated surface reconstructions [14] .
As the thickness increases to about 170 nm, the [1 0 1] orientation dominates in the films. This phenomenon has also been proved quantitatively by the texture coefficient, as shown in figure 1(b) . The thickness-dependent preferential orientation has been observed in SnO 2 films grown by atmospheric pressure chemical vapour deposition [13] and in many other oxide and nitride films prepared by magnetron sputtering [15, 16] . The underlying mechanism that determines the preferential orientation of SnO 2 : N film contains energy minimization of thermodynamics and selective evolution of dynamics and correlates with surface energy, strain energy and interface energy between the film and the substrate. It is found that the thermodynamically stable (1 1 0) plane with the largest atomic density forms at the initial deposition stage, and other directions with smaller atomic densities, such as the [1 0 1] direction, might become predominant when the film is over a certain thickness, following the selective evolution of dynamics mechanism [13] .
From the above result, one can see that the SnO 2 : N film has a highly [1 1 0]-oriented growth when the film is very thin (less than 80 nm). In the following discussions, we show that this thin film can serve as a seed layer on Si substrate for the growth of a highly [1 1 0]-oriented SnO 2 : N film.
The XRD patterns of SnO 2 : N films with a thickness of about 300 nm grown on Si substrate with and without a seed layer are shown in figure 1(c) . It is clear that the SnO 2 : N film shows nearly random orientation without a seed layer. After a thin seed layer was incorporated between the main layer and the Si substrate, the film shows a high [1 1 0] orientation.
Angle-dependent photoluminescence of [1 1 0]-oriented nitrogen-doped SnO 2 films
For the main SnO 2 : N film grown at a substrate temperature of 400
• C via mode 2, the film preferential degree is high, and that grown via mode 1 with a substrate temperature down to room temperature and then up to 400
• C has a less preferential degree than that via mode 2, as shown in figure 1(d) . Thus one can see that the main film takes a preferential orientation after the incorporation of a thin layer, and this layer acts as a seeding layer, which provides nucleation sites and reduces the activation energy for the crystallization of the highly oriented main film, and facilitates growth of the main layer along the orientation of the buffer layer. The close lattice matching between the seed layer and main layer leads to nucleation and growth of the [1 1 0] orientation, resulting in the formation of better crystallinity at a lower deposition temperature. There is a dilemma that a higher temperature is better for crystal growth from the viewpoint of thermodynamics, but an intermediate temperature is necessary to achieve p-type conductivity in SnO 2 films [3] , and the incorporation of a buffer layer between the main film and the substrate may be a simple and feasible approach to solve the problem. And the highly oriented films growth by incorporating a homo-or hetero-seed (or buffer) layer between the film and the substrate has been achieved in many other oxides, such as ferroelectric and colossal magnetoresistance films [15, 17, 18] . The underlying mechanism of the seed layer affecting the preferential orientation of the oxide films have been well demonstrated by Schwartz et al [19, 20] . Figure 2 shows the typical FE-SEM images of the SnO 2 : N films without and with the seed layer. It is clear that the SnO 2 : N film growth with the seed layer has a larger grain size and the film surface is uniform with fewer pores as compared with that without a seed layer. This result suggests that the seed layer has a great influence on the growth and surface morphology of the main film.
The PL spectra of SnO 2 : N films with and without a seed layer measured at different observation angles are shown in figure 3 . The observation angle with respect to the film surface normal was varied from 65
• to 45
• . In our previous study [5] , the dominant PL band has been proved to originate from localized exciton emission, and the weak shoulder peak comes from the transition between a donor-like defect level associated with an oxygen vacancy and N-related shallow acceptor level, namely donor-acceptor pair transition. To accurately determine the peak position and the FWHM, the PL band was fitted by a Gaussian function, and the fitting parameters (i.e. the peak position and FWHM) are shown in table 1. From this table one can see that the PL peaks shift towards the longer wavelength side and the FWHMs decrease as the observation angle θ decreases. The peak position shift is 2.7 and 6.3 nm, and the FWHM decrease is 2.2 and 3.9 nm when the observation angle θ was changed from 65
• for the main films grown via modes 1 and 2, respectively. It is clear that the PL band of the SnO 2 : N main film grown via mode 2 has a smaller FWHM and a larger peak shift as compared with that grown via mode 1. For the film grown on the Si substrate without the seed layer, the relationship between the PL peak and the observation angle is random. Because these is no shift of the PL peak position for bulk Ruby single-crystal or the ZnO film on the copper substrate, the possibility of angular dependence PL in SnO 2 : N films due to the optical geometry of the PL apparatus in the present study can be precluded.
The necessary condition of the Fabry-Pérot interference is the high reflectivity at the interface between different media, which have great relations with the microstructure, such as the interface sharpness and microstructure orderliness. The angular dependence PL has been observed in many other films, such as amorphous and crystalline silicon films [21, 22] , organic semiconductors film [23] . Following Marra et al's [22] investigation on hydrogenated amorphous silicon thin film, we attribute the angular dependence PL phenomena to the FabryPérot microcavity interference effect.
The Fabry-Pérot equation
defines the conditions for constructive interference of light undergoing multiple internal reflections in a solid thin film of anétalon. In the above equation, m is the interference order, λ is the wavelength of the propagating radiation, d is theétalon thickness, n is theétalon index of refraction and ψ is the wavefront propagation angle with respect to the surface normal.
For monochromatic light, a discrete set of propagation angles are allowed, each associated with a different cavity mode m; similarly, for a fixed angle and a white light source there will be a set of allowed wavelengths that satisfy equation (3), each associated with a cavity mode [22] . A luminescent SnO 2 : N film grown on a smooth, reflective silicon wafer is not only a source of light emission but can also act as a Fabry-Pérotétalon, and thus create optical interference. The multiple reflection of the emission light arises from the contrast in the refractive indices of the luminescent film with the substrate and air. The waveguiding in the film is better and the cavity modes are sharper when the differences in the refractive indices of the film and the surrounding materials are large, and the film texture coefficient, surface smoothness, grain size and distribution and interface sharpness will affect the Fabry-Pérotétalon interference.
The propagation angle ψ and the observation angle θ in our experiment are related through Snells law, and the relationship between the θ and ψ is shown as
Thus the Fabry-Pérot equation can be rewritten as
The refractive index itself also depends on the wavelength (about 1.97 in our interested wavelength range). The emissions of a PL spectrum have a Gaussian distribution, and the emission band is not a monochromatic light but is composed of a series of photons with different energy (i.e. different wavelength). From equation (5), it is clear that the interference wavelength will increase as θ decreases, and the PL peak shifts towards the higher wavelength side as the observation angle θ decreases, which is consistent with our angle-dependent PL results. SnO 2 : N film with excellent crystalline quality is indispensable for optoelectronics applications, and, in general, the cavity quality factor Q is determined by the microstructures of the film, such as smoothness of the film-substrate and the film-air interface and the film thickness uniformity [22, 24] . The preferred orientation SnO 2 : N film with a seed layer has a much uniform thickness and sharp interfaces between film and substrate as well as air, which will reduce the factors that disturb the Fabry-Pérot interference, and thus leads to a regular angle-dependent PL.
Conclusion
In summary, SnO 2 : N films on Si (1 0 0) have been prepared by reactive magnetron sputtering. It is found that the SnO 2 : N film has a thickness-dependent orientation growth and shows highly [1 1 0]-oriented growth when the film thickness is less than 80 nm and becomes a poly-orientation with a further increase in thickness. We demonstrated that the [1 1 0]-oriented SnO 2 : N film with a thickness of 300 nm can be achieved after a thin film was incorporated as a seed layer on Si (1 0 0) substrate. The PL peak of the [1 1 0]-oriented films shifts towards the longer wavelength side and the FWHMs decrease as the observation angle decreases, and this angle-dependent PL was attributed to the Fabry-Pérot optical microcavity interference effect.
